Abstract-In series-connected battery systems, typically, separate converters for intramodule balancing bidirectional connection to a load and charging from an external power source are employed. In this paper, an integrated reconfigurable converter for high-voltage series-connected battery storage systems is proposed. The main advantage of the proposed converter is that it can be reconfigured to operate in different operating modes: feeding the load from the battery system, feeding the load from a backup power source, regenerative mode, intramodule balancing mode, and charging mode. Unlike conventional systems, the proposed topology shares the semiconductor devices and an inductor among the different operating modes which makes it compact. The proposed converter exhibits redundant modes which together with a backup mode increase its reliability. Additionally, the proposed topology minimizes stress on the batteries during the charging/discharging cycles. A scaled down experimental prototype of the proposed converter is implemented for a five-module battery system to verify its viability and demonstrate all operating modes.
B
ATTERY systems are commonly used in vehicles and as a power source in backup power systems. They are also becoming crucial in compensating for intermittency of renewable energy sources in both large-scale and residential applications. Due to low voltage of a single cell, a battery system is typically constructed from a string of modules, while a module is constructed from a string of cells [1] . This modular construction increases reliability and safety of the battery system and also allows easier design of a battery management system. For example, in electric vehicles (EVs), the battery system consists of a parallel and series connection of battery modules to meet both the power and energy demands and also to increase the voltage from a traditional 12-14 V to high voltage in a range of hundreds of volts [2] , [3] . In majority of applications, the battery systems comprise of several parts: a balancer, a load converter, a charger, a battery management system (BMS), and a control system, as illustrated in Fig. 1 . Each part provides different functionality to the system as described next. 1) Balancer: In series-connected battery systems, the cells inside a module may not have the same properties due to manufacturing process and different operating conditions [4] - [6] or they may have different capacity. Consequently, the lowest capacity cell limits the charging and discharging limits of the module [7] . Hence, to improve the performance of the battery module, an intermodule balancing converter is used to equalize the state of charge (SOC) of all cells inside the module [8] , [9] . Similarly, to improve the performance of the whole battery system, an intramodule balancing converter is typically operated in the background to ensure that all modules are at the same level of the SOC [10] - [12] . 2) Load converter: In most applications, it is basically not feasible to directly connect the battery system to the load. Hence, a converter is placed between the battery system and the load to provide variable voltage and current. Depending on the application, the load converter may include regenerative capability. 3) Charger: The charger is used to charge the battery system from an external source. Variety of charger designs have been proposed in the literature for different applications and battery types. For instance, a detail review, challenges, and comparison study of charger topologies for EVs can be found in [13] and [14] . 4) BMS and control system: The BMS monitors SOC, voltage, current, and temperature of each cell/module and provides the data to the control system to manage the overall performance [15] . The control system controls the balancer, the load converter, and the charger in cooperation with the BMS. A large and growing body of literature has investigated the feasibility of integrated or reconfigurable converters for battery system applications in order to reduce volume, weight, and cost. In [16] , an integrated charger within a bidirectional dc/dc load converter was proposed. In [17] , another type of integration for a four-wheel drive system that can be classified as an integrated charger within a dc/ac load converter was presented. Additionally, several integrated chargers for induction machine drive systems [18] , [19] , switched reluctance motor drive systems [20] - [23] , and permanent magnet motor drive systems [24] - [26] were proposed.
A different integration idea was published in [27] . Unlike in the aforementioned cases, this type of integration comprised a balancing converter (equalizer) and a dc/dc load converter. The balancer operated based on the series-resonant voltage multiplier principle, while the load converter was a standard bidirectional buck converter. However, all of the above topologies were an integration of only two different converters: charger with the load converter or balancer (equalizer) with the load converter.
On the other hand, a few reconfigurable converters have been developed for several applications. In [28] , a boost converter with a reconfigurable inductor was proposed for solar systems. It was shown that for this application, the reconfigurable inductor allowed to reduce the size and volume of the inductor. In [29] , a novel reconfigurable solar converter (RSC) for photovoltaic battery systems was presented. Using a single power conversion, the RSC was able to operate in different power transfer modes such as PV to grid, PV to battery, battery to grid, and battery/PV to grid. Reduction in cost, weight, and volume were the gained advantages.
However, the combination of reconfigurable and integrated converters has not been developed for battery systems. In this paper, a new integrated reconfigurable converter topology for high-voltage battery systems is proposed. The main advantage of the proposed converter is that it can be reconfigured to operate in different operating modes: feeding a load from the battery system, feeding a load from a backup source, a regenerative mode, an intramodule balancing mode, and a charging mode. The proposed topology shares the semiconductor devices and an inductor among the different operating modes which makes it compact. It also provides redundant modes to increase its reliability and minimizes stress on the batteries during the charging/discharging cycles. Presented experimental results demonstrate and verify operation of the proposed converter.
II. STANDARD CONVERTERS FOR BATTERY SYSTEMS AND BATTERY MODULE SELECTOR
In this section, the impact of buck, buck-boost, and boost converters on the battery current during charging and discharging cycles is presented and a battery-module selector is described. As shown in Fig. 2 in the charging mode, the boost and buckboost converters introduce high ripples into the battery current in the continuous conduction mode (CCM). Similarly, the buck and buck-boost converters have the same effect in the discharging mode. Within each switching period, the current jumps from its peak value to zero. Equation (1) shows the relationship between the output voltage of the boost converter V out , the duty cycle D, and the input voltage V in representing the battery system voltage
Such current profile not only reduces the battery life time, but also produces fluctuations in the input voltage. Although the ripple effect may be reduced by inserting an additional capacitor bank, the boost converter seems to be a superior choice as no extra components are needed.
If the battery system voltage V in can be varied by selectively connecting different battery modules, then the operational range of the boost converter can be increased and it can exhibit buckboost properties, which are desirable in some applications such as electric drives and EVs. Hence, in order to be able to selectively connect different battery modules of the battery system and obtain the variable V in , the battery-module selector can be employed as illustrated in Fig. 3 . The battery-module selector is designed based on the idea of sharing full-bridge converters among the battery modules. To minimize the number of switches, two adjacent full-bridge converters share a leg between each other. Fig. 3 illustrates the topology for a simple case of two modules. The switching modes to select the operating battery modules are illustrated in Table I . Additional advantage of the battery-module selector is that it allows us to charge and discharge the battery modules selectively. Once a 
battery module with higher SOC is identified by the BMS, then the converter can be switched by the control system to selectively discharge it into other modules. This is not possible in the traditional topology shown in Fig. 1(a) , where the whole battery system is directly connected to a converter. The battery-module selector also enables fault tolerant operation due to existing redundant modes. For instance, if the module b 1 fails, it can be bypassed while b 2 continues feeding the load. This advantage is of particular importance in critical applications, such as in aerospace, uninterruptible power supplies, and EVs, where reliability is of paramount importance.
III. PROPOSED TOPOLOGY
Complete configuration of the proposed integrated reconfigurable topology is depicted in Fig. 4 . For simplicity, only a three-module system is considered. The same concept applies to higher number of modules, i.e., high-voltage battery systems. The whole converter is composed of a battery-module selector, a boost converter, a mode selector, a regeneration switch, and a charger/backup switch. The mode selector enables reconfiguration and switching between the following different modes: feeding a load, balancing, regeneration, charging, and backup from an external power source. Next, all operating modes of the proposed converter are explained in detail. In case of a failure among the switches S 1 -S 6 , there is always a freewheeling path for the inductor to release its energy and hence avoid a damage to the circuit. Fig. 6 illustrates the freewheeling path for the inductor current. The freewheeling path can also be used to return the inductor energy back into all battery modules.
A. Feeding a Load Mode

B. Regenerative Mode
In the vast majority of industrial applications, bidirectional converters are employed in order to improve the overall efficiency of a system. For instance, in EVs, the energy is regenerated back to the source during the braking of vehicle. Embedded switch S re in the proposed converter provides a regenerative path via the battery system. As illustrated in Fig. 7 , in this mode of operation, the mode selector is switched to position 1, the switch S re is permanently ON, while S b is switched with a duty cycle determined by the control system. In this mode, the converter operates as a buck converter with continuous current supplied to the battery, thus minimizing the battery stress.
C. Balancing Mode
In this mode, the mode selector is switched to position 2. This mode enables energy transfer from the high SOC battery module(s) to the low SOC module(s), i.e., intramodule balancing. It should be mentioned that an intermodule balancing system needs to be embedded inside of each module for full utilization of the battery stack; however, the concept of intermodule balancing lies outside the scope of this paper.
The proposed topology is capable of the energy transfer (balancing) from module(s) to module(s) in either leftward or rightward direction. Fig. 8(a) -(c) illustrates the leftward energy transfer. Fig. 8(a) illustrates a module to a module balancing. The switches S b and S 3 are always switched ON to provide the balancing path. By turning S 6 ON, the energy from b 3 is transferred into the inductor. By switching S 6 and S 4 OFF and ON, respectively, the inductor energy is released and b 2 is being charged. The same switching cycle is repeated until both modules are balanced. In general, switches S 1 -S 6 provide several balancing configurations. Fig. 8(b) illustrates a module to two modules balancing and Fig. 8 (c) two modules to a module balancing. Fig. 9 illustrates a similar case as illustrated in Fig. 6 for the "feeding a load" mode. In the case of a failure among the switches S 1 -S 6 or when all switches are OFF, there is always a freewheeling path for the inductor to release its energy and hence avoid a damage to the circuit. Fig. 9 illustrates the freewheeling path for the inductor current when all switches are OFF and the selector is switched to position 2. This freewheeling path can also be used to charge the whole battery system by first transferring the energy from a high SOC module into the inductor and then switching all switches OFF.
D. Charging From an External Power Source
This mode enables to charge the battery system from an external power source as shown in Fig. 10 . In this mode, the mode selector is switched to position 2. The topology and the switching actions in this mode are based on the buck converter concept illustrated in Fig. 2 . When the switch S ch is ON, the inductor is charged, and when OFF, the inductor is discharged through the diodes d 1 , d 2 and the whole battery system.
E. Feeding a Load From an External Power Source (Backup Mode)
This mode of operation is designed so that in a case of the battery system failure, the external power source can start feed- ing the load. Alternatively, the mode can be used by an operator to change or maintain the battery system without disrupting the load. Fig. 11 shows two possible configurations for powering the load from an external power source. In Fig. 11(a) , the converter is operated in the buck mode by switching S ch ON and OFF and keeping S 1 ON. In Fig. 11(b) , the converter is operated in the boost mode by switching S b ON and OFF and keeping both S 1 and S ch ON. Thus, depending on the load and the voltage of the external power source, either configuration (a) or (b) may be utilized. In this mode, the mode selector is switched to position 1.
IV. CONTROL SYSTEM DESIGN
This section describes design of the control system for all operating modes of the proposed converter. 
A. Control System Design for the Boost and Backup Operation
A double-loop control system for the boost mode operation is depicted in Fig. 12 . The inner loop is a fast current control loop with high bandwidth, while the outer voltage loop is slower with lower bandwidth. The outer voltage control loop regulates the capacitor voltage by providing a reference current signal for the inner loop. The inner loop then regulates the inductor current. Since the response of the inner loop is significantly faster, the outer loop can be considered separately which simplifies the design of the voltage loop controller.
1) Inner Current Control Loop Design:
In order to design a PI controller, first, a small-signal model of the boost mode converter is derived. The average state equations for the boost converter are given as
Introducing ac perturbations in the above equations yields
Neglecting the second-order ac quantities, the small-signal model of the system can be written as
Applying the Laplace transformation, the state model of the converter becomes
From (8), the transfer function T p1 can be derived as
The transfer function of the PWM modulator can be modeled as
where V = 1 is the peak value of the sawtooth carrier signal. The PI controller parameters K pc and K ic are then calculated in order to obtain the required open-loop phase margin (PM) at the required cutoff frequency. Fig. 15(a) illustrates the Bode diagram of the inner current control loop.
2) Outer Voltage Control Loop Design:
Due to the fast dynamics of the inner current control loop, the transfer function of the inner current control loop can be neglected in the design of the voltage controller. Hence, the value of the duty cycle can be assumed to be constant. Consequently
The PI controller parameters K pv and K iv are then calculated in order to obtain the required open-loop PM at the required cutoff frequency. Fig. 15(b) illustrates the Bode diagram of the outer voltage control loop.
B. Control System Design for the Balancing Mode
In order to design a PI controller for the balancing mode, a small-signal model for the system shown in Fig. 14 
Introducing ac perturbations into the above equation yields
The small-signal model can then be written as (14) and transformed into the Laplace domain as
From (15), the transfer function for the balancing mode can be found as
Using the small-signal transfer function (16), the PI controller parameters K pb and K ib are designed to regulate the inductor, i.e., the balancing current. Fig. 15(c) illustrates the Bode diagram of the balancing mode control loop.
C. Control System Design for the Charging and Regenerative Modes
Both charging and regenerative modes operate on the buck converter principle. Hence, the same control structure can be used for both. Following the steps in Section IV-A, the smallsignal model of the system during the charging mode can be derived as
The PI controller parameters K pr and K ir are then designed to regulate the inductor, i.e., the battery charging current. Fig. 15(d) illustrates the Bode diagram of the charging and regenerative mode control loop. The control system for the balancing, regenerative, and charging operation is depicted in Fig. 13 .
V. SELECTION OF INDUCTOR AND CAPACITOR
This section provides design guidelines for the selection of the inductor and the capacitor. The initial assumptions are
where V b is the battery-module voltage, n represents the number of the battery modules, here the maximum value of n = 5, and V o is the steady-state load voltage. Assuming that the converter operates in the CCM at a switching frequency f s , the ripple in the inductor current (with maximum value at a duty cycle of
If the maximum ripple current is considered to be 40% of the input current
then the required inductance can be found from (19) and (20) as
According to [30] , the required capacitance can be found from
for the maximum duty cycle given by
where η is the assumed efficiency of the converter (80%), ΔV o is the output voltage ripple, and V i(min) is the minimum input voltage.
VI. EFFICIENCY ANALYSIS
In this section, the efficiency of the proposed topology is analyzed. In general and particularly for the proposed topology, the efficiency of the converter is affected by the IGBTs' voltage drops when low-voltage battery modules are used. Hence, the parameters of the scaled down setup, used for experimental verification for safety reasons, are not suitable for the efficiency analysis. Therefore, the efficiency is analyzed for a high-voltage battery system with the following parameters: (24) where V b = 132 V is the voltage of each battery module (built of 11 series 12 V 180 Ah lead-lead dioxide CT12-180X batteries) and n = 3 represents the number of the battery modules. The efficiency is analyzed only for the boost "feeding a load mode." This mode has the lowest efficiency out of all operating modes described in Section III because most IGBTs are active with the highest operating current.
The conduction loss of an IGBT can be estimated from
where V C E is the voltage drop across the collector-emitter terminals and I C is the IGBT current during the conduction. Similarly, the conduction loss for a diode is
where V F is the forward voltage drop across the anode-cathode terminals and I F is the diode current during the conduction. The conduction loss of an inductor can be estimated from
where R dc is the dc resistance of the inductor, and I L is the dc current through the inductor. The IGBT switching loss is given by
where V on is the voltage across the IGBT just before turn on, I on is the IGBT current at turn on, V off is the voltage across the IGBT after turn off, I off is the IGBT current at turn off, and T on , T off are the turn on and off times, respectively. The overall losses of the converter operating with three battery modules and in the boost "feeding a load mode" are Table IV shows the parameters of the selected IGBT (STGE200NB60S) and diode (IDW100E60) used in calculation and Table V shows the calculated losses. The calculated total loss of 4.6 kW corresponds to an efficiency of 92%. 
VII. EXPERIMENTAL SETUP
For the sake of safety, a scaled down five battery-module prototype was implemented in the laboratory. Parameters of the experimental setup are listed in Table II and a photograph of the setup is shown in Fig. 16 .
Parameters of the control system designed as described in Section IV are given in Table III. 
VIII. EXPERIMENTAL RESULTS
A. Steady State
In this section, the experimental results demonstrating operation of different modes of the proposed topology in the steady state are presented. Fig. 17(a)-(d) illustrates operation of the converter when feeding a load from a selected combination of the battery modules. First only the battery modules b 4 and b 5 feed the load and then the battery modules b 3 , b 2 , and b 1 are sequentially connected to feed the load. The converter output voltage is set to 40 V. Fig. 18 demonstrates operation of the converter in the balancing mode with the inductor-current reference set to 0.5 A. In Fig. 18(a) , the battery module b 3 is being discharged to charge the battery modules b 1 and b 2 .
In Fig. 18(b) , the battery modules b 2 and b 3 are being discharged to the battery module b 1 . In Fig. 18(c) , the battery modules b 3 , b 4 , and b 5 are being discharged to charge the battery modules b 1 and b 2 . Fig. 19 (a) demonstrates operation of the converter when all battery modules are charged from an external power source with a charging current of 0.35 A. In Fig. 19(b) , the battery modules are charged from the load in regenerative mode. 
B. Transient
In this section, the experimental results demonstrating the transient responses when switching the operating modes are presented.
The results in Fig. 20(a) illustrate the transient responses when switching from the "feeding a load mode" to the "regenerative mode." As expected, the battery system is discharged when feeding the load and charged during the regenerative mode, while the output voltage is maintained constant at V o = 40 V. Fig. 20(b) illustrates the transient responses when switching from the "feeding a load mode" to the "boost based backup mode." As mentioned in Section III, this can occur in case of a failure in the battery system and it allows continuing supplying the load from the external backup source without any interruption. The converter is initially operating in the "feeding a load mode" and the battery system supplies the load. After switching to the "backup mode," the battery current i b drops to zero and the backup source starts feeding the load. The output voltage is maintained at V o = 40 V.
The results in Fig. 20(c) illustrate the transient operation when switching between the balancing modes, i.e., from the "balancing mode (A)" to the "balancing mode (B)." Initially, the system is operating in the balancing mode (A) and the batteries b 3 , b 4 , (c) b 2 , b 3 , b 4 , and b 5 . (d) b 1 , b 2 , b 3 , b 4 , and b 5 . 
IX. CONCLUSION
An integrated reconfigurable converter topology for highvoltage battery system applications has been presented and explained in detail. The main advantage of the proposed converter is that it can be reconfigured into several operating modes: feeding the load from the battery system, feeding the load from a backup source, regenerative mode, intramodule balancing mode, and charging mode. A distinctive feature of the proposed converter is that it utilizes only one inductor, one capacitor, and shares the semiconductor switches during the different operating modes. It also minimizes stress on the batteries during the operation and due to its flexibility increases reliability of the battery system. The presented experimental results verified operation of the converter in all operating modes.
